Abstract: We discuss single heavy neutrino production e + e − → N ν → W ν, = e, µ, τ , at a future high energy collider like CLIC, with a centre of mass energy of 3 TeV. This process could allow to detect heavy neutrinos with masses of 1-2 TeV if their coupling to the electron V eN is in the range 0.004-0.01. We study the dependence of the limits on the heavy neutrino mass and emphasise the crucial role of lepton flavour in the discovery of a positive signal at CLIC energy. We present strategies to determine heavy neutrino properties once they are discovered, namely their Dirac or Majorana character and the size and chirality of their charged current couplings. Conversely, if no signal is found, the bound V eN ≤ 0.002 − 0.006 would be set for masses of 1-2 TeV, improving the present limit up to a factor of 30. We also extend previous work examining in detail the flavour and mass dependence of the corresponding limits at ILC, as well as the determination of heavy neutrino properties if they are discovered at this collider.
Introduction
The existence of heavy neutrinos is usually associated to the see-saw mechanism [1] , which provides a simple and elegant explanation for the smallness of light neutrino masses. This economical solution has no phenomenological implications at large colliders, however, because the new neutrinos are extremely heavy, with masses of the order of 10 14 GeV for Yukawa couplings Y of order one. These extra neutrinos also supply a mechanism to explain the observed baryon asymmetry of the universe through leptogenesis [2] . Many attempts have been made to construct viable models of this type but with neutrino masses at the TeV scale [3, 4] . The price to pay in all cases is the loss of simplicity. Heavy neutrinos give contributions to light neutrino masses of the order Y 2 v 2 /m N , where v is the vacuum expectation value of the Higgs boson and m N the heavy neutrino mass. These contributions are far too large for m N in the TeV range unless (i) Y is very small, of order 10 −5 , in which case the heavy neutrino is almost decoupled from the rest of the fermions, or (ii) there is another source for neutrino masses giving a comparable contribution cancelling the ∼ Y 2 v 2 /m N one from the see-saw mechanism.
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Both solutions require a theoretical effort so as to build a natural model which reproduces light neutrino masses. In the first case, it is necessary to justify why neutrino Yukawa couplings are much smaller than for charged leptons and quarks. In the latter, not only it is necessary to provide an additional source of neutrino masses, but it is also crucial to give a natural explanation for the (apparently fine-tuned) cancellation of both contributions [5] . But despite the disadvantage of complexity there is the significant benefit that these models, experimentally not excluded, might be directly testable at future colliders by searching for the production of heavy neutrinos. (Additionally, there could be indirect evidence of their presence in neutrino oscillation experiments [6] .) An important question is then whether these heavy states are indeed observable or not. Although their masses are within the reach of forthcoming or planned colliders, their mixing with the Standard Model (SM) leptons must be also large enough to allow for their production at detectable rates. This is because they are SM singlets, and in the absence of new interactions their couplings are proportional to their mixing with the light neutrinos.
Independently of the mass generation mechanism, heavy neutrinos with masses of several hundreds of GeV appear in Grand Unified Theories, like for instance in those based on SO(10) or on larger groups as E(6) [7] , and can survive to low energies [8] . Kaluza-Klein towers of neutrinos are also predicted in models with large extra dimensions, being possible to have the first heavy modes near the electroweak scale [9] . Their existence is allowed by low energy data, which set strong constraints on their mixing with the light leptons but leave room for their production and discovery at large colliders. If they have masses up to 400 GeV and a mixing with the electron V eN ∼ 0.01, they will be discovered at an international linear collider (ILC) with a centre of mass (CM) energy of 500 GeV [10] . An eventual ILC upgrade to 800 GeV will extend the reach to higher masses, but in order to experimentally test the existence of TeV scale neutrinos a larger CM energy is required, which is achievable only at a future e + e − collider in the multi-TeV range, like the compact linear collider (CLIC) with a CM energy of 3 TeV [11, 12] .
In this paper we present a study of the CLIC potential to discover heavy neutrino singlets and determine their properties in the process e + e − → N ν → W ν. In section 2 we review the formalism and derive the interactions of heavy Dirac and Majorana neutrino singlets with the gauge and Higgs bosons, summarising present constraints on their couplings to the charged leptons. In section 3 we discuss the general characteristics of eW ν, µW ν and τ W ν final states. We analyse the different contributions to the signal and background, stressing the crucial fact that an eN W coupling is necessary to observe the heavy neutrino in any of the channels. In section 4 we describe the procedure used for our Monte Carlo calculations. The sensitivity and limits on charged current couplings achieved at CLIC are discussed in section 5, examining also the dependence on m N . In case that a heavy neutrino was discovered, we show how its Dirac or Majorana nature could be established and its charged couplings measured. In section 6 we perform a similar analysis for neutrinos with masses of 200 − 400 GeV at ILC, extending previous work [10] , also studying the determination of their properties and comparing with CLIC results. In section 7 we draw our conclusions.

Addition of neutrino singlets
In this paper we consider a SM extension with heavy Majorana (M) or Dirac (D) neutrino singlets. The most common situation is that three additional heavy eigenstates N i , i = 1, 2, 3 are introduced, and for definiteness this is what we assume in this section. The formalism is however general for any number of singlets [14] . In the following we will obtain the interactions of heavy neutrinos with the light leptons, pointing out the differences between the Dirac and Majorana cases when they exist.
The neutrino weak isospin T 3 = 1/2 eigenstates ν iL are the same as in the SM. In the case of Dirac neutrinos we introduce 9 additional SU(2) L singlet fields
which allow the light neutrinos to have Dirac masses too. For Majorana neutrinos only three fields are added
In matrix notation, the form of the mass terms in the lagrangian is similar in both cases,
where the Y , B and M blocks are 3 × 3 matrices. 1 The physical meaning is of course different, since the Y matrices correspond to Yukawa interactions, B, B are bare mass terms and M L , M R lepton number violating Majorana mass matrices. 2 The complete mass
, while for Dirac neutrinos the two unitary matrices are independent. The mass eigenstates are
Both for Majorana and Dirac neutrinos the weak interaction lagrangian is written in the weak eigenstate basis as
1 Both mass terms in eqs. (2.3) are particular cases of a general 12×12 symmetric mass matrix connecting
c , the mass term for Dirac neutrinos corresponds to the L = 0 entries (with conserved lepton number). The mass term for Majorana neutrinos includes the Yukawa entries Y with L = 0 and the diagonal lepton number violating blocks ML, MR with L = 2, L = −2, respectively, and in this case ν R , N L are assumed very heavy or decoupled. 2 In the Dirac case the right-handed states ν iR , N iR are equivalent, and by a suitable redefinition one can always choose a weak basis with B = 0. Additionally, with adequate rotations B and MR could be assumed diagonal without loss of generality. This is not necessary for our discussion, anyway, and the results in this section do not rely on such assumptions.
JHEP05(2005)026
with l iL the charged lepton weak eigenstates. Let us divide for convenience the rotation matrices U L , U R in 3 × 6 blocks,
Then, the weak interaction lagrangian is written in the mass eigenstate basis as
where U l is a 3 × 3 unitary matrix resulting from the diagonalisation of the charged lepton mass matrix. The extended Maki-Nakagawa-Sakata (MNS) matrix [13] 
The interactions with the Higgs boson H are
In order to obtain explicit expressions in terms of masses and mixing angles, we decompose V in two 3 × 3 blocks, V = (V (ν) V (N ) ), with V (ν) , V (N ) parameterising the mixing of the charged leptons with the light and heavy neutrinos, respectively. The latter is experimentally constrained to be small (see below), thus terms of order (V (N ) ) 2 can be neglected. After a little algebra, the scalar interactions of both heavy Dirac and Majorana neutrinos can be written as (LFV) processes to which heavy neutrinos can contribute at one loop level. All these processes constrain the quantities
The processes in the first group measure lepton charged current couplings. A global fit yields the bounds [20] Ω ee ≤ 0.0054 , 
The limits in eqs. (2.12) are model-independent to a large extent, and independent of heavy neutrino masses as well. They imply that the mixing of the heavy eigenstates with the charged leptons is very small, i |V N i | 2 ≤ 0.0054, 0.0096, 0.016 for = e, µ, τ , respectively. On the other hand, the bounds in eqs. (2.13) do not directly constrain the products
but the sums in the r.h.s. of eq. (2.11), and cancellations might occur between two or more terms, and also with other new physics contributions. These cancellations may be more or less natural, but in any case such possibility makes the limits in eqs. (2.13) relatively weak if more than one heavy neutrino exists [10, 22] . Besides, we note that these limits are independent of the heavy neutrino nature. For heavy Majorana neutrinos there is an additional restriction from the non-observation of neutrinoless double beta decay, which is below present experimental limits for |V eN | 2 ≤ 0.0054 and m N i 100 GeV [23] .
Since mixing of the charged leptons with heavy neutrinos is experimentally required to be very small, the usual MNS matrix V (ν) is approximately unitary, up to corrections of order V 2
. Moreover, at large collider energies the light neutrino masses can be neglected. With these approximations V (ν) can be taken equal to the identity matrix, implying also X ν ν = δ , X ν N i = V N i , i.e. the vertices between light leptons can be taken equal to their SM values for massless neutrinos, and the couplings for flavour-changing neutral interactions ν N i Z are proportional to those for charged currents N i W .
The production of a heavy neutrino N involves its interactions with the light fermions. The charged current vertex with a charged lepton can be directly read from eq. (2.7),
14)
The neutral current gauge couplings with a light neutrino ν are
In the Dirac case, the two terms in L Z describe the interactions of heavy neutrinos and antineutrinos. If they are Majorana particles, the second term can be rewritten in terms ofν and N , giving
The scalar interactions of the heavy neutrino are
where the second term can again be rewritten for Majorana neutrinos,
For our computations it is also necessary to know the total heavy neutrino width Γ N . N can decay in the channels N → W + − (if N is a Majorana fermion N → W − + is allowed as well), N → Zν and N → Hν . The partial widths for these decays are [22, 24] 19 ) it follows that for equal values of the mixing angles V N the width of a heavy Majorana neutrino is twice as large as for a Dirac neutrino. Another straightforward consequence of these expressions is that the partial widths for W , Z and Higgs decays are in the ratios 2 : 1 : 1 (the latter for m H m N ). Since the Higgs mass is still unknown, we will ignore the decays N → Hν in the calculation of Γ N . If these decays are included, the W ± ∓ branching ratios (and hence the final signal cross sections) are multiplied by a factor which ranges between 3/4 (for m H m N ) and unity (for m H ≥ m N ).
W ν production and lepton flavour
The existence of new heavy neutrinos is rather difficult to detect as an excess in the total cross section for e + e − →ν. The stringent experimental bounds on their mixing angles with the light particles restrict the size of their contribution to this process to a few percent, except for low m N values. Such a small increase in the cross section is unobservable due to the inherent uncertainties in the SM prediction. Nevertheless, the heavy neutrino contribution to this signal is dominated by on-shell N production [22, 25, 26] e + e − → N ν → − W + ν → −ν (plus the charge conjugate) if kinematically accessible, yielding a peak in theinvariant mass distribution. If heavy neutrino mass differences are of the order of 100 GeV or more the neutrino peaks do not overlap, so that their experimental study can be done independently, since in this case the interference of the relevant amplitudes is negligible. We will thus assume for simplicity that only one heavy neutrino N is produced. For quasidegenerate heavy neutrinos with (
1 [4] one must consider interference effects, which are not addressed here.
In N ν production the two quarks in the final state result from the decay of an on-shell W boson, hence we can safely confine the analysis to the phase space region where their invariant mass is not far from M W , and restrict the calculation to W ν production (with W →) in the presence of a heavy neutrino. We first discuss the process for = e and later point out the differences for = µ, τ , using a reference value m N = 1500 GeV. For most purposes − and + production may be summed because CP-violating effects are negligible, as it is briefly commented at the end of this section.
Final states with electrons
The Feynman diagrams for e + e − → e − W + ν involving heavy neutrino exchange are shown in figure 1. We neglect the electron mass (as well as light quark masses) in the computation of matrix elements, thus we do not include scalar diagrams. When the outgoing light neutrino flavour is constrained to be ν e we write it explicitly. Diagrams 1b and 1f are present only if N is a Majorana fermion, while the rest are common to the Dirac and Majorana cases.
We notice that the six diagrams have an eN W vertex, whose presence is thus necessary for this process to occur. The three first ones involve the production of on-shell N , the corresponding amplitudes being proportional to V eN times a factor O(1) from the N decay branching ratio. Their contribution to the cross section is then quadratic in V eN (interference with the SM amplitude is negligible). The last three diagrams are proportional to V 2 eN , giving V 2 eN terms in the cross section (through interference), plus V 4 eN terms. With present limits on V eN , the former are one order of magnitude larger than the latter, but still remain two orders of magnitude below the size of V 2 eN terms from diagrams with N on its mass shell. Among these, the t-and u-channel W exchange diagrams (1a and 1b, respectively) are the only ones relevant at CLIC energy and s-channel Z exchange (1c) is highly suppressed, being a factor ∼ 5 smaller than off-shell contributions. We then arrive to one crucial point: for equal values of the mixing angles, the contributions of Majorana and Dirac heavy neutrinos to the e −ν cross section are almost equal. The reason is simple: for a Majorana N the neutrino signal is strongly dominated by two non-interfering Feynman diagrams which give equal contributions to the cross section, instead of one in the Dirac case. On the other hand, the width of a Majorana N is twice as large as for a Dirac one, as noted in the previous section.
In the phase space region of interest, the relevant SM diagrams are those for e + e − → e − W + ν e with subsequent hadronic W decay, as depicted in figure 2. The main contribution comes from diagram 2i and is one order of magnitude larger than the rest. This fact constrasts with the behaviour at ILC energy, where about one half of the cross sections comes from resonant W + W − production, especially from diagram 2a. The 8 additional diagrams for e + e − → e −ν which do not involve the decay W + →give an irrelevant contribution (smaller than 0.5 %) in the phase space region studied. The quadratic corrections to the νW and ννZ vertices neglected in section 2 are unobservable with the available statistics. We also ignore diagrams like 1b and 1f with the exchange of a light Majorana neutrino, which are suppressed by the ratio m ν /Q ∼ 10 −13 , where Q ∼ √ s is the typical energy scale in the process.
It is worth pointing out the effect of beam polarisation on the cross sections for e − W + ν production through N exchange only and through SM diagrams. For N exchange we have
Therefore, the use of negative electron polarisation P e − and positive positron polarisation P e + improves the observability of the signal as well as the statistics. Besides, it can be seen that e 
Final states with muons and taus
Final states with = µ, τ share similar production properties and we refer to muons for brevity. The diagrams for e + e − → µ − W + ν via heavy neutrino exchange are shown in figure 3 . The same comments regarding the contributions of the diagrams in figure 1 apply in this case (up to different mixing angles). We observe that all contributions except 3c involve an electron-heavy neutrino interaction; in particular, the leading diagrams 3a and 3b correspond to heavy neutrino production via an eN W vertex with subsequent decay through a µN W interaction. This leads to the important consequence that the µ − W + ν signal of heavy neutrinos is relevant only if N simultaneously mixes with the electron and muon. We also notice that, even without mixing with the muon, a heavy neutrino can mediate µ − W + ν production, via diagram 3d. Nevertheless, the cross section is very small in this case. The SM background is e + e − → µ − W + ν µ , with 6 Feynman diagrams like the ones in 2a-2f but replacing e − , ν e by µ − , ν µ , respectively. Its cross section is dominated by resonant W + W − production and is 30 times smaller than for e − W + ν e .
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In order to discuss the effect of beam polarisation we have to distinguish two cases. If µ − W + ν production takes place mainly through a eN W coupling, beam polarisation has clearly the same effect as in e − W + ν production: negative P e − and positive P e + enhance the signal and background and thus improve the statistics. If the heavy neutrino does not mix with the electron but mixes with the muon, the reverse situation occurs. Since the only contribution comes from diagram 3c, the use of left-handed positrons and righthanded electrons actually increases the signal, while reducing the SM cross section for this process [10] . This case has no interest at CLIC energy, anyway, because for V eN = 0 the signal is not observable.
CP violation with heavy neutrinos
In this work we do not address any CP violation effects, which are unobservable in the processes studied. Partial rate asymmetries between − and + final states are negligible at the tree level. They require interference of diagrams with different CP-conserving phases (e.g. diagram 1a, with a phase arising from the N propagator [27] , and one of the diagrams in figure 2 ). This interference is very small due to kinematics (the width Γ N is small compared to the energy scale). Another possibility is the study of triple-product asymmetries in the decay of the heavy neutrino. However, these asymmetries are proportional to the mass of the final state charged lepton [28] , and hence very small. Therefore, we sum − and + final states in all our results, unless otherwise stated.
Event generation
The matrix elements for e + e − → − W + ν → −ν are calculated using HELAS [29] , including all spin correlations and finite width effects. We sum SM and heavy neutrino-mediated diagrams at the amplitude level. For Majorana fermions the Feynman rules are given in ref. [30] . We assume a CM energy of 3 TeV, with a beam spread of 0.35% [11] , ignoring an eventual beam crossing angle of 0.02 rad at the interaction point [12] whose effect in our simulation is very small. We make use of electron polarisation P e − = −0.8 and positron polarisation P e + = 0.6. The luminosity is taken as 1000 fb −1 per year. In order to take into account the effect of initial state radiation (ISR) and beamstrahlung we convolute the differential cross section with "structure functions"
The function describing the effect of ISR used is [31]
−γ)
where 4) with N = N γ /2, κ = 2/3 Υ. For the proposed luminosity we take the parameters Υ = 8.1, N γ = 2.3 [11] . The function h(y) is [33] h
where
with z = (y/3) 3/4 . In final states with τ leptons, we select τ decays to π, ρ and a 1 mesons (with a combined branching fraction of 54% [34] ), in which a single ν τ is produced, discarding other hadronic and leptonic decays. We simulate the τ decay assuming that the meson and τ momenta are collinear (what is a good approximation for high τ energies) and assigning a random fraction x of the τ momentum to the meson, according to the left-handed probability distributions [35] P (x) = 2(1 − x) (4.7)
for pions, and
for ρ and a 1 mesons, where ζ = m 2 ρ,a 1 /m 2 τ . We assume a τ jet tagging efficiency of 50%. In certain measurements the use of c tagging is necessary as well, and we assume a 50% efficiency, the same one that it is expected at ILC [36] .
We simulate the calorimeter and tracking resolution of the detector by performing a gaussian smearing of the energies of electrons (e), muons (µ) and jets (j), using the expected resolutions [12] ,
where the two terms are added in quadrature and the energies are in GeV. We apply kinematical cuts on transverse momenta, p T ≥ 10 GeV, and pseudorapidities |η| ≤ 2.5, the latter corresponding to polar angles 10 • ≤ θ ≤ 170 • . We reject events in which the leptons or jets are not isolated, requiring a "lego-plot" separation ∆R = ∆η 2 + ∆φ 2 ≥ 0.4. For the Monte Carlo integration in 6-body phase space we use RAMBO [37] .
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In electron and muon final states the light neutrino momentum p ν is determined from the missing transverse and longitudinal momentum of the event and the requirement that p 2 ν = 0 (despite ISR and beamstrahlung, the missing longitudinal momentum approximates with a reasonable accuracy the original neutrino momentum). In final states with τ leptons, the reconstruction is more involved, due to the secondary neutrino from the τ decay. We determine the "primary" neutrino momentum and the fraction x of the τ momentum retained by the τ jet using the kinematical constraints
in obvious notation. These constraints only hold if ISR and beamstrahlung are ignored, and in the limit of perfect detector resolution. When solving them for the generated Monte Carlo events we sometimes obtain x > 1 or x < 0. In the first case we arbitrarily set x = 1, and in the second case we set x = 0.55, which is the average momentum fraction of the τ jets. With the procedure outlined here, the reconstructed τ momentum reproduces with a fair accuracy the original one, while the p ν obtained is often completely different from its actual value.
Heavy neutrino discovery at CLIC and determination of their properties
We address in turn the discovery of a new heavy neutrino (sections 5.1 and 5.2), the determination of its Dirac or Majorana character (section 5.3) and the measurement of its couplings to e, µ, τ (section 5.4). We try to be as concise as possible without losing generality or omitting the main points. Following the discussion in section 3 we can distinguish two interesting scenarios for our analysis: (i) the heavy neutrino only mixes with the electron; (ii) it mixes with e and either µ, τ , or both. For the study of the m N dependence and the determination of the neutrino nature we assume for simplicity that N only mixes with the electron. Additionally, we assume that the neutrino is a Majorana fermion in sections 5.1, 5.2 and 5.4, where the results obtained are almost independent of its character.
Discovery of a heavy neutrino
The existence of a heavy neutrino which couples to the electron can be detected as a sharp peak in the distribution of the ejj invariant mass m ejj , plotted in figure 4 for V eN = 0.05. The dotted and solid lines correspond to the SM and SM plus a 1500 GeV Majorana neutrino, respectively. For a Dirac neutrino the results do not change. The width of the peak is mainly due to energy smearing included in our Monte Carlo, and the intrinsic N width, Γ N = 8.2 GeV and Γ N = 4.1 GeV for a Majorana and Dirac neutrino, respectively, has a smaller influence in this case. No cut With cut SM 516 14.6 SM + N 548 39.4 The criterion used here for the discovery of the new neutrino is that the excess of events 3 (the signal S) in the peak region defined by eq. (5.1) amounts to more than 5 standard deviations of the number of expected events (the background B), that is, S/ √ B ≥ 5. This ratio is larger than 5 for V eN ≥ 7.8 × 10 −3 , which is the minimum mixing angle for which a 1500 GeV neutrino can be discovered. Conversely, if no signal is found, the limit V eN ≤ 4.5 × 10 −3 can be set at 90% confidence level (CL), improving the present limit V eN ≤ 0.073 by a factor of 16.
In the most general case that N simultaneously mixes with the three charged leptons, there may be in principle signals in the e, µ and τ channels, and the three of them must be experimentally analysed. We choose equal values V eN = V µN = V τ N = 0.04 to illustrate the relative sensitivities of the three channels. For electron and muon final states we apply the kinematical cut in eq. (5.1), while for taus the distribution is broader and we use 1420 GeV ≤ m τ jj ≤ 1580 GeV .
(5.
2)
The SM and SM plus heavy neutrino cross sections after these kinematical cuts 4 can be found in table 2. For these values of the couplings, the heavy neutrino signal could be seen 3 It must be stressed that the SM cross section at the peak can be calculated and normalised using the measurements far from this region. 4 For the muon and tau channels the background is dominated by resonant W + W − production, thus a cut on the m ν invariant mass could reduce it significantly. However, in practice it may be very difficult to reconstruct the W mass at CLIC energy, and to be conservative we do not apply any cut on m ν . with a statistical significance of ∼ 40σ, ∼ 250σ and ∼ 70σ in the e, µ and τ channels, respectively, after one year of running.
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We clearly see that the muon channel is much more sensitive for equal values of the couplings. An eN W interaction is absolutely necessary to produce the heavy neutrino at observable rates but, once it has been produced, its decays in the muon and tau channels are easier to spot over the background. Since the production mechanism is strongly dominated by t and u-channel W exchange diagrams (see section 3), the observed signals S e , S µ , S τ can be written as
to an excellent approximation. The common factor V 2 eN comes from the production, the ratio of couplings corresponds to the decay and A are constants. Using the data in table 2 and eqs. (5.3) we can obtain the combined limits on V eN and V µN or V τ N plotted in figure 5 . It is very interesting to observe that a small coupling to the muon V µN 0.005 greatly increases the sensitivity to V eN , from ∼ 0.008 to ∼ 0.0035, due to the better observation of the heavy neutrino in the muon channel. For a fixed V eN and increasing V µN , the eW ν channel becomes less significant because of the smaller branching ratio, and the observation is better in the µW ν channel. (For ILC the behaviour is rather different, see next section.) In the case of the tau the effect is similar but less pronounced. For comparison, we include in figure 5a the indirect limit on V eN , V µN derived from low energy LFV processes. For V µN smaller than 0.05, the direct limit obtained by the absence of heavy neutrino production is much better than the indirect one. Moreover, the latter can be evaded if we allow for cancellations between heavy neutrino contributions, as discussed in section 2 (see also ref. [10] ). In the case of the tau lepton, the indirect limit from LFV processes is less stringent than the direct limits V eN ≤ 0.073, V τ N ≤ 0.13 and is not shown.
When the heavy neutrino does not couple to the electron but only to the muon and/or tau, the only Feynman diagram contributing to the signal is 3c. For CLIC the situation is much worse than for ILC [10] because at a higher CM energy this diagram is more suppressed. Heavy neutrino production rates are thus negligibly small, giving an excess of a handful of events (for an integrated luminosity of 1000 fb −1 ) over the SM background even for V µN , V τ N in their upper experimental bounds.
Dependence on the heavy neutrino mass
The cross section for e + e − → e ∓ W ± ν including the heavy neutrino contribution exhibits a moderate dependence on m N , which is mainly due to phase space. The variation of the total e ∓ W ± ν cross section (including ISR, beamstrahlung and "detector cuts" as explained in section 4) with m N can be seen in figure 6a. For larger masses the cross sections are smaller an thus the limits on V eN are worse. This behaviour is attenuated by the fact that the SM background also decreases for larger m ejj , as can be clearly observed in figure 4 . The resulting limits on the heavy neutrino coupling are shown in figure 6b as a function of m N . These limits assume implicitly that the heavy neutrino only mixes with the electron (for mixing also with the muon they improve, as seen in the previous subsection). The kinematical cuts are not optimised for each value of m N .
Determination of the Majorana or Dirac nature
The cross section for e − W + ν production mediated by a heavy neutrino is fairly insensitive to its Dirac or Majorana character. Still, the different production mechanisms show up in the angular distribution of N with respect to the incoming electron. In the case of a heavy Majorana neutrino the new contribution is dominated by diagrams 1a, 1b, leading to a forward-backward symmetric distribution for the production angle ϕ N e − between N and the incoming electron. The distribution peaks at cos ϕ N e − = 1 when t ≡ (p N − p e − ) 2 = 0 and the first diagram is enhanced, and at cos ϕ N e − = −1 when u ≡ (p N − p e + ) 2 = 0 (and the second one is enhanced).
In the case of Dirac neutrinos the u-channel diagram is absent, and the distribution only peaks at cos ϕ N e − = 1 for final states with e − , µ − , τ − and at cos ϕ N e − = −1 for the charge conjugate processes with e + , µ + , τ + . It is then convenient to define ϕ N ≡ ϕ N e − , ϕ N e + for e − W + ν, e + W − ν events, respectively. Its normalised distribution is shown in figure 7a for events surviving the kinematical cut in eq. (5.1). We consider the SM, and SM plus a Majorana or Dirac neutrino. The most conspicuous results are obtained subtracting the SM contribution, which can be calculated and calibrated using the measurements outside the peak. In this case, figure 7b, the difference between the Dirac and Majorana cases is apparent. We remark that the signal cross section at the peak is of 24.8 fb for V eN = 0.05, what gives a sufficiently large event sample to distinguish both cases even for smaller mixing angles (see also figure 6 ).
For completeness, we also show in figure 8 the dependence of the cross section on the angles ϕ W , ϕ e between the produced W ± , e ∓ and the incoming electron (for e − final states) or positron (for final e + ). We restrict ourselves to events surviving the kinematical cut in eq. (5.1), as in the previous case. Although these two distributions also show some sensitivity to the Dirac or Majorana character of the neutrino, it is obvious when compared to figure 7a that the best results are obtained from the analysis of the polar angle of the produced neutrino ϕ N .
Measurement of heavy neutrino couplings
In order to measure the moduli of the heavy neutrino couplings to charged leptons, the constants A in eq. full Monte Carlo simulations taking into account all radiation and hadronisation effects, as well as the real detector behaviour. The couplings of the heavy neutrino are then
The uncertainty in their measurement comes from the statistical fluctuations of the signal and background, as well as from the theoretical calculation of the constants A . Among other factors, their calculation is affected by the inherent uncertainties in the signal normalisation. We expect that A can be obtained with a precision of 10%, which in principle does not affect the determination of coupling ratios. We estimate the accuracy with which heavy neutrino couplings could be extracted, calculating the A constants from the peak cross sections given by our Monte Carlo for a "reference" set of couplings, and assuming a common 10% error in their determination. Then, using as input the cross sections for V eN = V µN = V τ N = 0.04, the couplings obtained are
In this case the statistical precision of the ratios is very good, of a 2 − 3%. The uncertainty in V eN is of a 5%, dominated by systematics. A second issue is the determination of the chirality of N W couplings. This can be done with the measurement of the s forward-backward (FB) asymmetry in the W rest frame [38, 39] , which is sensitive to the chiral structure of the N W coupling involved in
JHEP05(2005)026
the decay N → − W + → − cs (and in its charge conjugate). The measurement of this asymmetry requires to distinguish between the two quark jets resulting from W + decay, what can be done restricting ourselves to W + → cs and taking advantage of c tagging to require a tagged c jet in the final state. This reduces the cross sections by a factor of four.
We define θ s as the angle between the momenta of the charged lepton and thes jet, in the W rest frame (the definition is the same for N decays into − W + → − cs and + W − → +c s). The FB asymmetry is defined as 6) with N standing for the number of events. If we parameterise a general N W vertex (ignoring effective σ µν terms) as
and assume that the W coupling to quarks is purely left-handed, the FB asymmetry is
In the case of heavy neutrino singlets g L = V N , g R = 0 as seen in eq. (2.14), and the second factor in eq. Further observables are sensitive to the structure of the N W vertices, namely spin asymmetries. A proper analysis requires the search for a direction along which the N polarisation is maximal, what is beyond the scope of this work. Besides, the information on couplings extracted from such observables is expected to be less clean, since they involve additional variables apart from masses and couplings.
Heavy non-decoupled neutrinos at ILC
Heavy neutrinos with masses up to a few hundreds of GeV can also be produced at ILC with a CM energy of 500 GeV. Many features of the production process are common to both mass and CM energy scales, but in some other respects ILC and CLIC are rather different. In order to have a better comparison between both cases we summarise here several results for ILC extending the work in ref. [10] . We take a mass m N = 300 GeV for most of our computations, which follow closely what is done for CLIC (see also ref. [10] for details). The integrated luminosity is assumed to be 345 fb −1 , corresponding to one year of running.
With the same signal reconstruction method as for CLIC we obtain for m N = 300 GeV the combined limits on V eN and V µN or V τ N plotted in figure 9 . In contrast with the behaviour obtained at CLIC, at ILC the sensitivities in the muon and electron channels are similar, and both are better than in τ W ν production. This can be clearly observed in both plots: a µN W coupling has little effect on the limits on V eN , but a coupling with the tau decreases the sensitivity, because the decays in the tau channel are harder to observe. The direct limit on V eN , V µN obtained here improves the indirect one only for V µN 0.01. However, as it has already been remarked, the latter is not general and can be evaded with cancellations among heavy neutrino contributions [10] .
The dependence of the total e ∓ W ± ν cross section on m N can be seen in figure 10a, for V eN = 0.073, V µN = V τ N = 0. For a heavier N the cross sections are smaller and thus the limits on V eN are worse. However, up to m N = 400 GeV this is compensated by the fact that the SM background also decreases for larger m ejj . The limits on V eN are shown in figure 10b as a function of m N , assuming that the heavy neutrino only mixes with the electron.
If a heavy neutrino is discovered at ILC, its nature can be uniquely determined with the study of the ϕ N dependence of the cross section, as it has been discussed in section 5.3. The dependence of the peak cross section on ϕ N is shown in figure 11a . The results after subtracting the SM contribution can be seen in figure 11b . The distribution is less concentrated at cos ϕ N = ±1 than for CLIC energy but allows to determine unambiguously the neutrino character even if a relatively small number of signal events is collected. The dependence of the peak cross section on ϕ W and ϕ e is presented in figure 12 . The measurement at ILC of the V eN , V µN , V τ N moduli can be done in the same way described for CLIC, without any substantial differences, thus we do not repeat that discussion here. Still, an important difference appears in the determination of their chiral structure. In contrast with TeV scale neutrinos, for m N = 300 GeV the FB asymmetry is observable. We show in figure 13a the dependence of the SM and SM plus heavy neutrino peak cross sections with respect to the angle θ es . The measurement of the FB asymmetry requires the subtraction of the SM prediction, giving the distributions shown in figure 13b . tainty. The FB asymmetry obtained from the simulation is in good agreement with the theoretical value A FB = 0.094 expected for a purely left-handed coupling. If a heavy neutrino signal is observed in this mass range, we expect that the FB asymmetry will have a sufficient statistical significance so as to indicate that the eN W coupling is left-handed, at least after several years of running. The precision of the A FB measurement strongly depends on the size of the N cross section, therefore the possibility of extracting the left-and right-handed parts of the coupling from the total cross section and A FB measurements is difficult to assess in general.
Conclusions
Neutrinos with masses of the order of 1 TeV are predicted by many models attempting to make the new physics scale observable at future colliders. Their presence leads to a greater complexity of the models (in order to reproduce the light neutrino masses), especially when they are not decoupled from the light fermions. Nevertheless, if they exist, large
JHEP05(2005)026
e + e − colliders can discover them or provide the best limits on their masses and mixings. Such discovery would give a new insight into the mechanism for neutrino mass generation.
In this paper we have concentrated on the production of heavy neutrino singlets in association with a light neutrino. If they are the only addition to the SM, the production cross section for N N pairs is suppressed by extra mixing angle factors V 2 N . This is also reduced by the smaller phase space and by additional decay branching ratios, what makes this process much less sensitive to the presence of these heavy fermions. 7 In left-right models the new gauge interactions allow to produce heavy neutrinos in pairs, or in association with charged leptons, with mixing angles of order unity. LHC will be sensitive to both mechanisms [40] , but the most stringent limits are expected from the latter processes [41, 42] . On the other hand, e + e − colliders will be mainly sensitive to neutrino pair production [12, 43] , which might be used to learn about heavy neutrino properties as well [44] . We note that in the case of Majorana neutrinos, N N production may give an interesting lepton number violating final state signal N N → ± W ∓ ± W ∓ [26, 45] , which has smaller backgrounds than the analogous lepton number conserving final state ± W ∓ ∓ W ± . In case that new interactions are pushed to high energies, heavy neutral leptons can still be produced in pairs if they transform non-trivially under the SM gauge group [25] .
We have discussed the prospects for TeV scale neutrino detection in W ν production at future e + e − colliders, taking as example the CLIC proposal for a 3 TeV collider at CERN. This study complements the analysis of the CLIC potential based on new gauge interactions [12, 43] . We have examined the dependence of the results on the heavy neutrino mass, and special emphasis has been made on the importance of a complete study of the three possible channels = e, µ, τ . As it has been argued, a non-negligible coupling to the electron, V eN ∼ 10 −3 − 10 −2 for m N = 1 − 2 TeV, is necessary to produce the heavy neutrino at detectable rates. The produced neutrinos can then decay N → eW and, if they couple to the muon and tau, N → µW and N → τ W as well (plus additional decays mediated by neutral currents). Among these, the muon channel is by far the cleanest one due to its smaller background. We have explicitly shown that for m N = 1500 GeV the sensitivity to V eN improves from V eN ∼ 0.008 to V eN ∼ 0.0035 in the presence of a small coupling V µN ∼ 0.005, but is hardly affected by N mixing with the tau lepton.
We have also studied what we could learn about heavy neutrinos if they were discovered at CLIC. It has been shown that the angular distribution of the produced neutrino relative to the beam axis is a powerful discriminant between Majorana and Dirac neutrinos, giving a clear evidence of their nature even for relatively small signals. Then, we have discussed how to extract heavy neutrino charged current couplings from data, estimating with an example the precision with which they could be eventually measured. We have proposed a method to determine the chiral structure of the N W interactions, which unfortunately is only useful for neutrino masses below the TeV scale. 7 For e + e − → N N the t and u-channel exchange diagrams are quadratic in VeN , and the s-channel Z diagram has the mixing factor XNN in eq. (2.8), which is equal to |VeN | 2 + |VµN | 2 + |VτN | 2 . Therefore, the cross section is proportional to light-heavy mixing angles to the fourth power. For mN = 1 TeV and a coupling VeN = 0.004 in the discovery limit, the extra mixing angle suppression of this cross section is of order V 2 eN = 1.6 × 10 −5 , already giving unobservable rates for heavy neutrino pair production.
Finally, we have performed a similar analysis for heavy neutrinos of few hundreds of GeV at ILC, extending a recent analysis [10] . In particular, we have explicitly investigated the flavour and mass dependence of the limits on neutrino mixing with charged leptons. For a heavy neutrino with a mixing large enough, we have shown how to establish its Dirac or Majorana nature and how to determine the chirality of its charged current couplings.
The results obtained show that CLIC would outperform previous machines in finding direct or indirect signals of heavy neutrinos. It would extend direct searches up to masses around 2.5 TeV, and for masses around 1 TeV it would be sensitive to couplings V eN 4 × 10 −3 . If no heavy neutrino signal was found at CLIC, the bound V eN ≤ 2 − 6 × 10 −3 could be set for m N = 1 − 2 TeV, improving the present limit V eN ≤ 0.073 by more than one order of magnitude and matching a future limit obtained at the GigaZ option of ILC [46] , for which a 10 3 statistical gain would be expected to translate into bounds ∼ 30 times more stringent than those of eqs. (2.12). The direct limit on the product V eN V * µN obtained from the non-observation of heavy neutrinos would be much more restrictive than the present indirect bound from LFV processes, and would remain competitive with future improvements of the upper bounds on Br(µ → eγ) [47] and µ − e conversion in nuclei [48] . For heavy neutrinos with masses of few hundreds of GeV, CLIC would probe mixing angles V eN ∼ 10 −3 , one order of magnitude better than what will be achieved at ILC.
